Reactive dyes are one of the major pollutants in textile wastewater and a concern because they are not easily degraded by conventional wastewater treatments. Heterogeneous photocatalysis has been considered an effective option for treating wastewater containing those dyes. This research work assesses the photocatalytic degradation of reactive dyes using UV irradiation and pure or impregnated ZnO. In addition to photocatalysis, separate photolysis and adsorption experiments were conducted but showed low efficiency. The dye degradation was monitored by UV-Vis spectroscopy and mineralization was determined by total organic carbon (TOC) analyses. Total color removal was achieved after 30 min of irradiation using pure ZnO. The Black 5 dye photocatalytic decolorization reaction followed first-order kinetics, while Yellow 145, Red 4 and Blue 21 dyes followed zero-order kinetics. TOC removals in the range of 70-80% were achieved after 240 min of individual photocatalytic treatment with ZnO. The performance of each photocatalyst was also compared when the four dyes were mixed together and the order of efficiency in the mineralization process was as follows: Fe/ZnO > ZnO > Co/ZnO. This result was explained by the crystal field theory.
INTRODUCTION
Reactive dyes are widely used by the textile industry due to their high reactivity with cellulose and protein fibers. In spite of their good dyeing characteristics and chemical stability, these substances also react with water producing the hydrolyzed dyes that should be eliminated by the rinsing processes at the end. Therefore, about 30% of the reactive dyes are wasted, thus contributing to the dyeing effluent (Vandevivere et al. ) . Besides that, their removal is aggravated because they are not easily removed by conventional treatment processes.
In the pursuit of a solution for the environmental problems caused by textile wastewater disposal, the advanced oxidation processes (AOPs) have been attracting major attention. Among the AOPs, heterogeneous photocatalysis has emerged as an important destructive technology leading to the total mineralization of several organic pollutants.
Concerning dyes degradation, the photocatalysis efficiency depends basically on the semiconductor used and on the chemical structure and functional groups in the molecules. Not all semiconductors can be used in the photocatalytic process but some such as TiO 2 , ZnO and SnO 2 are known to be efficient photocatalysts (Behnajady et al. ) .
Although ZnO and TiO 2 have the same band gap (3.2 eV), and the efficiency of ZnO in the degradation of some organic compounds has already been described in the literature (Krishnakumar & 
)
and Cd (Zhang & Zeng ) , are still scarce. Besides this, the performance of doped semiconductor depends not only on the modifying agent but also on the type of wastewater to be treated and the experimental conditions (Vaithiyanathan & Sivakumar ) . The purpose of this research was to investigate the individual photocatalytic and kinetic decolorization of synthetic reactive dyes widely used in Brazilian textile industries (Yellow 145, Black 5, Red 4 and Blue 21) using the ZnO/UV system. In addition, this study compared the performance of ZnO, Fe/ZnO and Co/ZnO photocatalysts in the mineralization of a solution containing a mixture of the four dyes aforementioned. With exception of Reactive Black 5, researches involving the degradation of these dyes have been almost restricted to biological treatments and to absorption processes. Moreover, mineralization studies using a mixture of reactive dyes are few explored, especially with ZnO/UV systems.
EXPERIMENTAL AND METHODS

Dyes
Four reactive dyes (Yellow 145, Black 5, Red 4 and Blue 21) supplied by Yorkshire Inc. were selected for the photocatalytic decolorization and mineralization procedures. The dyes' selection took into account their broad application in the textile industry, mainly for dyeing cellulose and viscose, their chemical structure (Yellow 145 and Red 4 each have one azo group, Black 5 has two azo groups and Blue 21 is a copper phthalocyanine) and their toxicity, which was worsened by their high solubility in water and difficult removal by conventional treatment systems. 
Catalyst preparation
Catalyst characterization
The specific surface area (BET method), pore volume and average diameters (BJH method) of the calcinated catalysts were determined by N 2 adsorption at 77 K. The adsorption isotherms were obtained by an ASAP 2020 Micromeritics. Catalyst samples were previously treated under N 2 flow at 573 K for 24 h. Fe and Co contents in the calcinated catalysts were determined by Atomic Absorption Spectroscopy measurements using a Perkin Elmer AA-300 model.
Powder X-ray diffraction data for structural analyses were collected with a Rigaku Miniflex II diffractometer. A Cu Kα (30 kV) anode was used as the X-ray radiation source, covering 2θ between 5 and 80 W .
The DRS spectra were obtained using a Varian Cary 5000 model spectrophotometer with scanning rate of 600 nm min À1 . The spectra were obtained in the 200-800 nm range using BaSO 4 as the reference sample.
Catalytic tests
All experiments were carried out at 298 K in a 250 mL thermostated cylindrical Pyrex reactor open to air, using 30 mg of the photocatalyst, which was initially maintained in suspension with the dye aqueous solution by magnetic stirring without irradiation (initial concentration, C 0 , was determined after this saturation time). The suspension was irradiated with a 250 W Phillips HPL-N medium pressure mercury vapor lamp, with the outer bulb removed, placed 12 cm above the suspension. More experimental details have been described elsewhere (Bergamini et al. ) . All experiments were performed in triplicate so that the averaged values are shown. The single dye decolorizations were conducted using ZnO and 50 mL of the dye aqueous solution at natural pH (approximately, pH ¼ 6 for all dyes). The initial dye concentrations were:
and Blue 21 (0.04 g L À1 ). Different dye concentrations were used to correspond with the maximum absorbance values as predicted by Beer's law. Photocatalysis experiments were also conducted for a mixture containing equal volumes of the four dye solutions aforementioned.
In these experiments, pure or impregnated ZnO was used. Photolysis and adsorption control experiments using ZnO were also performed.
The dye decolorization was monitored by an Agilent 8453 spectrophotometer, with a diode detector, for 30 min. The dye concentrations before (C o ) and after (C t ) the photochemical treatment were calculated by applying the Lambert-Beer equation to the measured absorbances at the maximum absorption wavelengths and the absorptivities determined from the calibration curves (Bergamini et al. ) .
The mineralization degrees of the dye solutions were obtained with a Sievers 800 by quantifying the total organic carbon before (TOC o ) and after (TOC t ) the photocatalytic treatment.
RESULTS AND DISCUSSION
Catalyst characterization
For purposes of identification, the obtained diffraction patterns were compared against the standards of JCPDS. The diffractogram for ZnO presented the characteristic peaks for the wurtzite hexagonal phase, associated to the following planes and respective diffraction angles: (100) The textural characterization showed that the iron ion impregnation contributed significantly to the increase in the ZnO surface area, pore volume and diameters. This result may be assigned to the pore rupture by the Fe precursor decomposition during catalyst calcination. The same effect is observed, though with less intensity, for the Co/ ZnO catalyst when compared with pure ZnO. Nevertheless, the small increase in area caused by the addition of Co ions was probably below the ASAP equipment detection limit.
From DRS analyses, it was possible to determine the HOMO-LUMO energy difference (Eg) using Karvaly's method (Karvaly & Hevesi ) . Both pure and doped ZnO showed an Eg value of approximately 3.2 eV. As Eg values were the same for all the samples, we can suggest that all photocatalysts require the same energy to transfer an electron from the valence to the conduction band.
UV-Visible spectrophotometry
The dyes were characterized by spectrophotometry in the UV-Vis region at the wavelengths of maximum absorbance (λ max ) and respective absortivities (a) of each dye's water solution are presented in Figure 1 , which also shows the dyes' chemical structures.
Adsorption and photolysis control experiments showed no significant contribution in the degradation of the studied dyes, as almost no change was observed in absorbance spectra before and after each treatment. These results confirm that the selected dyes are recalcitrant compounds to degradation. Figure 2 shows the degradation profiles obtained during photocatalytic treatment with ZnO. As can be seen from Figure 2 , the dyes' degradations were dramatically improved by photocatalysis. All studied dyes were easily degraded and total color removal was achieved within 20-25 min of irradiation. Clearly, the photocatalysis with ZnO was highly efficient and fast, completely different from the performance of adsorption or irradiated-only processes.
Single dye degradation
The kinetic study was based on the decolorization of the reactive dye solutions using ZnO. The kinetic constants were estimated by the analytical integration method. The photocatalysis was first order for Black 5 dye, k ¼ 1. decolorization in liquid systems follow zero-order or firstorder kinetics with respect to the dye concentration. The TOC analysis was used to assess the feasibility of ZnO to mineralize each dye solution. Preliminary analyses performed within 30 min of UV irradiation indicated that this time had not been enough to promote an efficient mineralization. So, although the solutions became colorless after 30 min of photocatalytic treatment, the total mineralization was not achieved. Therefore, longer photocatalysis procedures of 240 min were conducted for the TOC analysis. Table 2 shows the extent of TOC removals after each dye solution treatment with ZnO. It is possible to verify that all dyes were successfully degraded, confirming ZnO as an excellent catalyst not only for decolorization but also for the dye mineralization. Although using different experimental conditions, Roselin & Selvin (b) had also achieved good mineralization degrees for four reactive dyes (RO16, RR22, RB28 and RY15) on photodegradation with ZnO.
For Black 5 and Blue 21, photocatalysis was able to almost destroy both dyes within 240 min of irradiation (82.4 and 80.3% of mineralization, respectively). The greater difficulty to mineralize Yellow 145 and Red 4 may be due to the presence of a triazine group in these molecules, which makes degradation more difficult (Aguedach et al. ) . In addition, the presence of a chloride group in the molecules of Yellow 145 and Red 4 dyes also interferes negatively in the process efficiency (Khataee & Kasiri ) .
The easier degradation of Black 5 dye after 240 min of photocatalysis with ZnO may be assigned to the fact that this dye is a diazo compound, thus more susceptible to oxidation (Bergamini et al. ) . Besides that, the presence of a hydroxyl group next to one of the azo groups may intensify the molecular electronic resonance, and favors the degradation rate of Black 5 dye. A difficult degradation was expected for Reactive Blue 21 dye (RB21) due to its complex molecular structure, but a different result was obtained. In this case, the adsorption of the dye molecule on the ZnO surface would be supposed to be the critical step in the process. The spatial geometry of the RB21 molecule favors the separation between the terminal groups (R-SO 2 -NR 3 ). These reactive groups can bond to Zn(II) surface centers, assuming a tetradentate coordination through the terminal sulfonic groups, thus enhancing the photocatalytic efficiency.
Kinetics photodegradation studies of Reactive Black 5 on TiO 2 suspension are well described in the literature, with first order kinetic rates varying from
In spite of the fact that the rate constant depends strongly on the experimental conditions, it is still possible to confirm the efficiency of ZnO (this work, with k ¼ 1.8 × 10 À3 s À1 ) as a photocatalyst for RB5 degradation.
In contrast to Reactive Black 5, degradation studies using biological or photoelectric treatments are the most used for Reactive Blue 21 dye. Nevertheless, Arslan & Balcioglu () used Reactive Blue 21 in a degradation process with TiO 2 and a black light fluorescent lamp (20 W). The authors obtained a decolorization degree of 80.91 and 67.58% of TOC removal after 2 h of photocatalysis.
One study was found on the Yellow 145 kinetics of degradation by photocatalysis. The rate constant obtained by Aguedach et al. () , using UV radiation (25 W) and TiO 2 suspension, was 6.5 × 10 À6 kg m À3 s À1 , one order of magnitude lower than that obtained in this work with the UV/ZnO system. It is worth mentioning that, besides the light bulb power, the experimental conditions were also different, particularly the low pH (pH ¼ 3) used in the Aguedach research work which does not favor the photocatalytic degradation of this dye (Gül & Özcan-Yildirim ) . Kinetics studies on the decolorization of Reactive Red 4 by photocatalysis on suspension could not be found in the literature. The few study data found are limited to adsorption processes.
Dye mixture degradation
Changes in absorbance spectra during the degradation experiments performed with a mixture of the four dyes and ZnO as the photocatalyst were monitored by UV-Vis spectroscopy. The photocatalytic process with ZnO was very efficient and fast and the degradation process was enhanced by the increase of irradiation time. Total color removal was achieved within 25 min of irradiation.
Photodegradation experiments were also conducted for the mixture of the dyes using pure or impregnated ZnO in order to assess their mineralization efficiencies and the results are shown in Table 2 . Regardless of the catalyst used, an increase in the extent of mineralization was observed along with the photocatalysis reaction time. However, it is observed that the catalysts have different behaviors and promoted distinct mineralization degrees for the same mixture of dyes after 240 min of irradiation.
The impregnation of iron ions on ZnO promoted an increase of the mineralization degree for the dyes' solution when compared with the pure ZnO result. However, cobalt ion impregnation reduced the degradation rate of this mixture when compared with pure ZnO, regardless of the irradiation time.
These results show that Fe 3þ is a promising doping ion, increasing ZnO photoreactivity and improving the dyes' mixture degradation rate. On the other hand, the addition of cobalt ions diminishes the ZnO efficiency for the photodegradation process. Metal ion doping influences the semiconductor photoactivity as they can act as electron and/or hole acceptor and this affects the e À /h þ pair recombination rate, according to the process:
Dopants that allow the acceptance of both electrons and holes, through the effect of their conduction and valence bands energy levels, are photoactive. However, acceptor dopants of electrons or holes alone are not so effective because they can increase the e À /h þ recombination rate.
According to the crystal field theory, in an oxygenated environment, Fe It is also worth pointing out that the Fe/ZnO catalyst showed a higher surface area than the other catalysts which, to a lesser extent, explains its better photocatalytic performance.
CONCLUSIONS
The photocatalysis using the ZnO/UV system was an efficient process for the degradation of a mixture of reactive dyes. Using the analytical integration method, it was possible to determine the kinetic rates of RB5, RY145, RR4, and RB21 dye decolorization. The impregnation of Fe 3þ on ZnO caused a beneficial effect, owing to the high spin configuration assumed by Fe 3þ , which inhibits electron/ hole pair recombination and favors the Fe/ZnO photoreactivity. On the other hand, the cobalt ion impregnation on ZnO inhibits the degradation of the mixture of dyes when compared with pure ZnO, in accordance with the low spin configuration acquired by Co 3þ , which disfavors the acceptance of an electron or a hole. The present study demonstrates that the photocatalytic process with Fe/ZnO-UV is a feasible method to treat textile wastewater, not only for color removal but also for dye mineralization purposes.
